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Abstract: Vertical and in-plane heterostructures based on van der Waals (vdW) crystals
have drawn rapidly increasing attention owning to the extraordinary properties and
significant application potential. However, current heterostructures are mainly limited to
vdW crystals with a symmetrical hexagonal lattice, and the heterostructures made by
asymmetric vdW crystals are rarely investigated at the moment. In this contribution, we
report for the first time the synthesis of layered orthorhombic SnS-SnS,Se(;.x) core-shell
heterostructures with well-defined geometry via a two-step thermal evaporation method.
Structural characterization reveals that the heterostructures of SnS-SnS,Se(;.x) are in-plane
interconnected and vertically stacked, constructed by SnS;Se(.x) shell heteroepitaxially
growing on/around the pre-synthesized SnS flake with an epitaxial relationship of
(303)sns//(033)snsxse(1-x)> [010]sns//[100]snsxse(i-x)- On the basis of detailed morphology,
structure and composition characterizations, a growth mechanism involving

heteroepitaxial growth, atomic diffusion, as well as thermal thinning is proposed to



illustrate the formation process of the heterostructures. In addition, a strong polarization-
dependent photoresponse is found on the device fabricated using the as-prepared SnS-
SnS,Se(i-x) core-shell heterostructure, enabling the potential use of the heterostructures as

functional components for optoelectronic devices featured with anisotropy.

1. Introduction

Heterostructures are important functional units for modern electronic and optoelectronic
devices such as bipolar transistors, light-emitting diodes, laser diodes, and photovoltaic
cells."¥ They are formed by combining two or more materials with different band gaps.
With the thriving of two-dimensional (2D) layered materials, two types of
heterostructures composed of van der Waals (vdW) crystals have recently attracted
considerable attention, namely, vertical heterostructures and in-plane heterostructures.”> ")
Generally, the former can be fabricated by vertically stacking different 2D layered
materials on top of each other despite the existence of large lattice mismatch, such as the

121" oraphene-WS,-graphene!”! and graphen-GaSe vertical

reported graphene-MoS,,!"
heterostructures.'* In contrast, the latter are made by laterally stitching different 2D
layered materials, exampled as the graphene-BN,[15 1 M0S,-WS,! 18 and MoSe,-WSe,

in-plane heterostructures.!'”’

Despite the different configuration, there is a common
feature among those heterostructures that they are all made of vdW crystals with a
symmetrical hexagonal structure. However, heterostructures based on asymmetric layered
materials, such as SnSe and SnS with an orthorhombic structure, are rarely investigated. It
has been studied that IV-VI layered metal monochalcogenides can display a marked

anisotropy in optical, electronic and thermoelectric properties.**** For example, we have

investigated orthorhombic SnS flakes using angle-resolved polarized Raman spectroscopy



and found that they show a strong anisotropic Raman response, which can be used to
determine the crystal orientation of SnS using Raman spectroscopy.”!! Additionally,
Huang’ group studied electrical properties of SnS and SnSe, and found that they have
anisotropic electrical conductivities due to the different effective masses of holes and
electrons along a, b and ¢ axes.!*”) In this regard, synthesis of heterostructures composed
of asymmetric vdW components is highly desirable. Thus heterostructures may offer
unprecedented opportunities to explore new properties and develop novel functional
devices unachievable using the conventional materials with a symmetrical structure.

In this paper, we report the epitaxial growth of orthorhombic SnS-SnS,Se(;.x) core-shell
heterostructures using a two-step PVD method. Structural characterizations such as X-ray
diffraction (XRD) and transmission electron microscopy (TEM) were utilized to
investigate the crystal structure of the products and the epitaxial relationship between the
SnS,Se(1.x) shell and the SnS core flake. It was found that the SnS-SnS,Se(;.x) core-shell
heterostructure is an integration of vertical heterostructure and in-plane heterostructure,
which consists of SnS flake with SnSSe(;.x) shell heteroepitaxially growing on/around it.
A growth model was proposed to illustrate the formation process of the layered SnS-
SnSiSe(1.x) core-shell heterostructures, which involves heteroepitaxial growth, sulphur
diffusion, as well as thermal evaporation thinning processes. In addition, photodetector
made by the SnS-SnS,Se(;x) core-shell heterostructures exhibited a strong anisotropic
photoresponse due to the structural characteristic of orthorhombic crystals, enabling the
potential use of the heterostructures as building blocks for new functional optoelectronic

devices.

2. Results and Discussion



Layered SnS-SnS,Se(i.x) core-shell heterostructures were synthesized using a simple
two-step PVD method. Firstly, large-scale 2D SnS flakes were grown on fluorophlogopite
mica substrates./*') Optical image (Figure Sla) and AFM image (Figure S1b) reveal that
the as-synthesized SnS flakes mainly show truncated rhombic shapes with the lateral size
ranging from several to tens of microns and the thickness of about 67 nm. Structural
characterizations including XRD pattern (Figure Slc) and TEM (Figure S1d and e)
confirm that these 2D flakes crystalize into an orthorhombic crystal structure (space
group = Pbnm; a = 0.4329 nm, b = 1.1192 nm and ¢ = 0.3984 nm; PDF: 39-0354), and
grow preferably along the b axis direction with (010) as the basal plane. Additionally,
Raman spectroscopy was also performed to confirm that the as-grown flakes are indeed
SnS, as shown in Figure S1f. Subsequently, the pre-synthesized SnS/mica was used as the
receiving substrates for the growth of SnS-SnS,Se(1.x) core-shell heterostructures, which is
schematically illustrated in Figure 1a. The growth of SnS-SnS,Se(.x) core-shell
heterostructures is similar to the PVD growth of SnS flakes. The differences are (i) SnSe
powder replaced SnS powder as the source material, (i1) SnS/mica was adopted as the
substrates, (iii) synthesis conditions of the core-shell heterostructures changed sightly.

More experimental details can be found in the Experimental Section.
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Figure 1. a) Schematic diagram for PVD growth of layered SnS-SnS.Se(1x) core-shell
heterostructures. b) Optical and ¢) SEM images of the SnS-SnS.Se(.xy core-shell
heterostructures. d) SEM image of a representative core-shell heterostructure which
exhibits an approximately rhombic shape with a noticeable rhombus pit at the central
regions. €) AFM image and height profile of a core-shell heterostructure. f) XRD patterns

of the SnS-SnSSe(1-x) core-shell heterostructures (blue) and SnSe (red; PDF: 48-1224).

The product obtained in the second deposition process was firstly characterized using
optical microscopy and scanning electron microscopy (SEM), as shown in Figure 1b and

c. It can be clearly seen that the as-grown flakes mainly exhibit truncated rhombic shapes



with the lateral size of several microns to a dozen microns. The morphology of these
flakes is very similar to that of the pre-synthesized 2D SnS flakes except for a noticeable
rhombus pit at the center, as exhibited in Figure 1d. The edges of the truncated rhombic
flake are observed to be parallel to those of the central rhombus pit, implying the
existence of a high-oriented growth in the as-synthesized flakes. To determine the height
information of the flakes, AFM characterization was performed. As displayed in Figure
le, the thickness of the sample from Figure 1b is measured to be about 207 nm, and the
thickness of the central rhombus pit is about 35 nm which is smaller than that of the pre-
grown SnS. XRD characterization was also carried out to study the phase structure of the
product and the result is exhibited in Figure 1f. Compared with the XRD pattern of the 2D
SnS flakes (Figure Slc), a new diffraction peak at 31.25° is observed, which is close to
the characteristic diffraction peak at 31.081° of orthorhombic SnSe (space group = Pnma;

a=1.1498 nm, b=0.4153 nm and ¢ = 0.444 nm; PDF: 48-1224).
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Figure 2. a) Optical image of a SnS-SnS;Se(i.x) core-shell heterostructure. b) Raman
spectra collected from the marked A and B regions, respectively. ¢, d) Raman intensity

maps of the Raman modes at 189.5 cm™ (SnS) and 126.4 cm™ (SnSe), respectively.

Raman spectroscopy was also used to investigate the optical characteristics of the
heterostructures with a 532 nm laser. Figure 2a displays an optical image of a truncated
rhombic sample for Raman characterization. As shown in Figure 2b, four characteristic
Raman peaks located at 94.8 cm™, 160.1cm™!, 189.5 ¢cm ! and 220 cm™! can be clearly
observed in the Raman spectrum collected from region A. The Raman peak at 160.1cm ™'
corresponds to the B3, Raman mode of SnS, and the other three peaks belong to the A,
modes of SnS.'*”) For Raman spectrum collected from the region B, both of the Raman
peaks at 126.4 cm™' and 145 cm™' can be attributed to the Ag modes of SnSe, and the peak
at 189.5 cm™ ' is related to the A, mode of SnS."*>?% Raman intensity maps of 189.5 cm™
(A mode for SnS) and 126.4 cm’™ (Agmode for SnSe) are also shown in Figure 2c and d,
respectively. It can be found that the region A only show Raman signal of SnS, while
singles of both SnS and SnSe appear in the region B of the sample, which is consistent
with the Raman spectroscopy in Figure 2b. These results indicate that the sample in the
rhombus pit region is SnS, while it is composed of SnS,Se(i_x) alloy in the outer region B.

Energy dispersive X-ray spectroscopy (EDX) in scanning transmission electron microscopy
(STEM) mode was used to probe the composition of the product. Figure 3a exhibits an annular
dark-field STEM (ADF-STEM) image of a flake. The heavier contrast of the border than that of

the central region can be ascribed to the large differences in thickness and atomic number. Figure

3b-d shows the corresponding EDX elemental maps of the flake. For the convenience of



description, the flake is defined into three parts marked by A, B and C, as shown in Figure 3c. It
can be clearly seen that the border regions (A and B) consist of Sn, S and Se elements, while the
central rhombic region (C) only shows weak signals of Sn and S. These results indicate that this
flake is made of SnS core partially covered with SnS;Se(i.y) as confirmed by the EDX maps of a
cross section sample (Figure S2). Particularly, it is found that the intensity of S in regions A and
C is weaker than that in region B (Figure 3¢ and e), while the intensity of Sn in regions A and B
is in close proximity (Figure 3b and e). In consideration of the uniform thickness and high
crystallinity of the pre-synthesized 2D SnS flakes (Figure S1), it is logical to infer that the S
signal in region A results from the diffusion of S in the bottom SnS flake. The reduced S signal
in region C compared to that in region B is attributed to the thinner thickness of the region C
arising from the thermal evaporation thinning of the SnS flake at the relatively high temperature
(740 °C). As for S in region B, the formation of SnS,Se(;.x) overlayer could effectively restrain
thermal evaporation of the bottom SnS flake, thus showing high-intensity S signal in region B. In
fact, it has been reported that S-Se exchange is an effective method to obtain alloys and
heterostructures, and the thermal thinning can be used to prepare ultrathin 2D layered
materials.”’>" In a word, the as-grown flakes can be regarded as a combination of lateral and
vertical heterostructures of SnS-SnSSe(i.x). To make it simple, we name them as SnS-SnS,Se(;.x)

core-shell heterostructures.
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Figure 3. a) ADF-STEM image of a SnS-SnSiSe(;.x) core-shell heterostructure. b-d) EDX
elemental maps and e) EDX line scan profiles showing the spatial distribution of Sn, S
and Se across the heterostructure. For the convenience of expression, the flake was
defined in three regions marked by A, B and C in Figure 3c. f) Bright-field TEM image of
the interface of a thin SnS-SnS,Se(i.x) core-shell heterostructure. g) HRTEM image of the
interface of the heterostructure. h) SAED pattern along [010]sys zone axis and 1) the

partial enlarged view of the SAED pattern.

In order to investigate the atomic structure of the SnS-SnS.Se(.x) core-shell
heterostructures, high-resolution TEM (HRTEM) and selected area electron diffraction
(SAED) techniques were used. Figure 3f exhibits a bright-field TEM image of the
interface of a thin SnS-SnS.Se(.x) core-shell heterostructure. Corresponding HRTEM

image is displayed in Figure 3g. It can be seen that SnS core and SnS.Se(;-x) shell both



show clear 2D rhombic fringes. In the core region, the lattice fringes with d-spacing of
about 0.29 nm agree well with {101} planes of orthorhombic SnS (PDF: 39-0354). As for
SnS,Se(i-x), the distance is measured to be about 0.3 nm, which is close to the distance of
{011} planes of SnSy29Sep 71 (space group = Pnma; a = 1.1409 nm, b = 0.41 nm and ¢ =
0.4407 nm), calculated using Vegard’s law and the lattice parameters of orthorhombic
SnS (PDF: 39-0354) and SnSe (PDF: 48-1224).1*% %41 Additionally, the (101) plane of SnS
is found to be parallel to the (011) plane of SnSyp29Sep71, implying an epitaxial
relationship existed in the heterostructure. Figure 3h shows the corresponding SAED
pattern of the core/shell heterostructure. Due to the small difference in lattice constant
between SnS and SnSy29Sep 71, it is unable to distinguish them from low-order reflections,
such as {101}sys and {011 }sns0.20sc0.71 (Figure 3h). However, in the high-order reflections,
the spots will separate, which allows a chance for identification, as shown in Figure 3i.
The enlarged SAED pattern clearly shows two sets of well-aligned rhombic spots, in
which the brighter set (yellow dotted line) originates from the SnS, while the darker set
(red dotted line) belongs to the SnSy29Seo 7. The good alignment of the two sets of spots
offers the clear and convincing evidence that SnSp,9Sep7; was grown epitaxially on the
SnS flake. The epitaxial relationship between SnS and SnSy29Sep 71 can be described by
(303)sns//(033)sn50.295¢0.71, [010]sns//[100]sns0.295¢0.71. More TEM analysis can be found in

Figure S3.
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Figure 4. a-d) Schematic diagram illustrating the growth process of a SnS-SnS,Se(i.y
core-shell heterostructure. e-h) SEM images of the core-shell heterostructures at different
growth stages. Note: the heterostructures shown in e-h) were not recorded from the same

one.

Understanding the growth mechanism of the SnS-SnS,Se(;.x) core-shell heterostructure will
facilitate a better control in terms of morphology and composition, which, eventually, will drive
the development of novel functional devices. According to above experimental results and
analyses, we may address that the SnS-SnS;Se(i.x) core-shell heterostructure is a result of a
heteroepitaxial growth of SnSe accompanying with the diffusion of sulfur from SnS, as
illustrated in Figure 4a-d. At the beginning, gaseous SnSe species, resulted from the sublimation
of SnSe powder, are transported downstream to the deposition area where the pre-grown SnS
located. Governed by the surface energy, the lateral growth of SnSe occurs preferably on side
surfaces of SnS because of the existence of unsaturated Sn and S atoms. Due to the small lattice
mismatch between SnSe and SnS, growth of SnSe follows an epitaxial growth manner, as

evidenced above. Spontaneously with the SnSe growth, the S* in the SnS will diffuse into the
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grown SnSe and substitute for Se* to form ternary SnS;Se(ix) driven by a thermodynamically
process. Over extended time, the epitaxial layer increases both laterally and vertically. When the
thickness of SnSSe(i.x) exceeds to that of the SnS flake, lateral growth will proceed not only
outward but also inward of SnS flake. Consequently, some border regions of the SnS flake are
covered by the growing SnS,Se(ix), as shown in Figure 3b-e and Figure S2b-d. Due to the
relatively high temperature at the grown zone, the uncovered regions of SnS flake will be
gradually evaporated, which will lead to the final formation of a rhombus pit in the SnS-
SnS,Se(ix) core-shell heterostructures (Figure le and 4h). Some direct clues for the proposed
growth model can be found from the SEM images displayed in Figure 4e-h and S4a-d, which
show the morphologies of the flakes grown at different stages. Unlike those conventional
heterostructures which can be categorized as either vertical or in-plane heterostructures, the
achieved SnS-SnS;Se(i.x) core-shell heterostructures in the current work can be considered as a
mixture of the lateral and vertical heterostructures.!>=® This special architecture may enable an
effective utilization of the building block by providing more junction regions. In particular, the
anisotropic layered orthorhombic crystal structure of the heterostructures may offer us new

opportunities to develop novel devices based on the anisotropy.
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Figure 5. a) Three-dimensional schematic models of the SnS-SnS(Se.x) core-shell

heterostructure-based photodetector, the 532 nm laser and the half-wave plate. b) I-V curves of
the device in the dark and in the presence of 532 nm laser illumination with different light
intensities. Inset shows an HIM image of a SnS-SnS.Se(.. core-shell heterostructure
photodetector. c¢) Light intensity dependence of the photocurrent under the bias of
positive/negative 7 V. d) |-V curves of the device in the presence of 532 nm laser with light
intensity of 26 mW/cm?” and laser polarization angle ranging from 0° to 180°. e, f) Polarization

dependence of the current intensity under bias of positive/negative 7 V and light intensity of 26

mW/cm?.

Next, the optoelectronic properties of the SnS-SnS,Se(i.x) core-shell heterostructures were

investigated. After a small part of the shell of the heterostructure was cut to get a gap using
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focused helium ion beam in a helium ion microscope (HIM) system, Pt electrodes were formed
via HIM to connect the core and the shell, respectively. Just as displayed in Figure 5a, a two-
electrode photodetector based on a SnS-SnS,Se(ix) core-shell heterostructure was obtained.
Figure 5b shows the current (I) - voltage (V) characteristics of the device (inset in Figure 5b) in
the dark and in the presence of 532 nm laser with light intensity varying from 2 to 26 mW/cm®.
The approximate linear behavior of the |-V plots reveals a good contact between the
heterostructure and the Pt electrodes. It is noteworthy that there exists small turn-on voltages at
+0.25 V (positive voltage region) and -0.23 V (negative voltage region), which may result from
the potential barrier between p-type SnS core and p-type SnS.Se(i.x) shell. Similar phenomena
have been observed in n-n type heterostructures of InAs-Ge and GaAs-Ge.””>*! In addition, the
large dark current indicates the presence of a high doping concentration in the SnS-SnS,Se.x)
core-shell heterostructure, which may be attributed to the formation of massive Sn vacancies
during the PVD growth.” *) Under the 532 nm laser illumination, the photocurrent (Ipn =
lituminated — laark) increases gradually as the light intensity varies from 2 to 26 mW/cm®, suggesting
a good photoresponse of this device. The dependence of photocurrent Iy, to light intensity P is
plotted in Figure 5c. By fitting the experimental data, the photocurrent |, can be expressed using

the power-law equations |, o< P! (positive 7V) and Iph < P%7 (negative 7V), respectively.*!

The deviation from the ideal slope implies the loss of light energy during the conversion from
external light energy to current, which maybe results from the high concentration of vacancies in
the heterostructure. 1+

To explore the anisotropic property of the SnS-SnS,Sex) core-shell heterostructures,

polarization-dependent photoresponse measurements were also performed. Figure 5d exhibits the

I-V curves of the device in the presence of 532 nm laser with light intensity of 26 mW/cm?” and
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laser polarization angle ranging from 0° to 180°. It can be clearly seen that the current intensity
varies with the change of laser polarization. As displayed in Figure Se and f, both of the current
intensity (under the bias of positive/negative 7 V and the light intensity of 26 mW/cm?®) show a
180° variation period and reach the local maximum when the polarization angle is 30°, 120°, 210°
or 300°. The current anisotropy ratio, ® = (Imax — Imin)/ (Imax T Imin) can be calculated to be about
0.082 and 0.084, respectively. Very recently, it has been demonstrated that SnS possesses strong
anisotropy in Raman response, electrical transport and thermal conductivity due to the
anisotropic crystal structure.”' ! In our case, both SnS and SnS,Se(;.,) have an orthorhombic
crystal structure, therefore, it is logical to speculate that the anisotropic photoresponse of the

device should be a result of the anisotropic orthorhombic structure of SnS and SnSiSe;.).

3. Conclusion

Layered SnS-SnSSe(i.xy core-shell heterostructures have been synthesized on mica
substrate by depositing SnSe on the pre-grown SnS flakes using a simple two-step PVD
method. The SnS«Se(i.x) was found to heteroepitaxially grow on/around the SnS flake.
The epitaxial relationship was identified to be  (303)sns//(033)snsxSe(1-x)s
[010]sns//[100]snsxse(i-x)- The presence of S in the exitaxial layer is because of the
diffusion of S from SnS driven by a thermal dynamic process. A possible growth
mechanism containing heteroepitaxial growth, atomic diffusion and thermal evaporation
thinning was proposed to illustrate the formation process of the layered SnS-SnS;Se(i.x
core-shell heterostructures. Furthermore, a two-electrode photodetector based on the SnS-
SnS,Se(i.x) core-shell heterostructures was fabricated and the device showed a strong
anisotropic photoresponse, which makes the heterostructure a promising candidate for

developing novel functional optoelectronic devices.
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4. Experimental Section

Synthesis of 2D SnS flakes: 2D SnS flakes were synthesized by evaporation of solid
SnS powder precursor in a one-inch-diameter quartz heated by a high-temperature
horizontal tube furnace. In a typical growth, a ceramic boat containing 0.1 g SnS powder
was placed at the heating zone center of the tube furnace. A few newly cleaved
fluorophlogopite mica sheets were adopted as the receiving substrates and put
downstream with a distance of about 8-20 cm from the heating zone center. The furnace
chamber was pumped down to expel the air and then filled with high-purity Ar gas to the
pressure of about 80 Torr. Next, the furnace was heated to 700 °C with a rate of
20 °C/min and kept for 10 minutes. The furnace was naturally cooled back to room
temperature. In the whole process, Ar gas was used as the carrier gas with a flow rate of
60 sccm.

Synthesis of SnS-SnS.Seq.xy core-shell heterostructures: SnS-SnS,Se(i.x) core-shell
heterostructures were synthesized by evaporation of solid SnSe powder precursor in the
same furnace. In a typical growth, a ceramic boat containing 0.1 g SnSe powder was put
at the heating zone center of the tube furnace. A few mica sheets with SnS flakes were
used as the depositing substrates and put downstream with a distance of about 8-20 cm
from the heating zone center. The furnace chamber was pumped down to expel the air and
then filled with high-purity Ar gas to the pressure of about 80 Torr. Next, the furnace was
heated to 740 °C with a rate of 20 °C/min and kept for 15 minutes before it was naturally
cooled back to room temperature. In the whole process, Ar gas was used as the carrier gas

with a flow rate of 60 sccm.
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Characterization: SEM and optical images was obtained in scanning electron
microscope (Hitachi S4800 field-emission microscope) and optical microscope (Nikon
Inverted Microscope Eclipse Ti-U with a CCD of Nikon Digital Sight). Thickness profile
was determined in an atomic force microscope of Bruker Mutimode 8. X-ray diffraction
pattern of the sample was recorded using a Bruker D 8 Focus powder X-ray
diffractometer using Cu-Ka radiation (A = 1.5418 A). Raman characterization was taken
in Nanophoton Raman-11 Raman microscope with a 532 nm laser. For TEM
characterization, an ultrathin carbon film supported on copper grids was used. The
method for transferring SnS and SnS/SnS;Se(i.x) flakes is similar to that reported in our
previous work. The atomic structure of the sample was investigated using JEOL JEM-
2100F. STEM image and EDX elemental maps were taken on an aberration-corrected
JEOL JEM-ARM200CF operated at 200 kV. The microscope is equipped with a high
angle Silicon Drift EDX detector with the solid angle of up to 0.98 steradians from a
detection area of 100 mm?®.

Device fabrication and measurements: Photodetector based on the SnS-SnS.Sei.y
core-shell heterostructure was directly fabricated on the mica substrates. In brief, coarse
electrodes were made using a shadow mask method and Pt contacts were obtained in a

helium ion microscope (Carl Zeiss ORION NanoFab with three beam system). The device
was annealed at 200 'C for 2 h in Ar atmosphere to reduce resistance. Photoresponse
measurements were carried out using a Lakeshore probe station and a Keithley-4200 SCS
semiconductor parameter analyser under atmosphere environment. A 532 nm laser was
adopted for the illumination. A laser attenuator and a laser power meter were used to get

different intensities of the incident beam. To obtain different polarized irradiation, a half-
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wave plate was inserted into the optical path and rotated while remaining the light

intensity unchanged.
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Epitaxy of Layered Orthorhombic SnS-SnS.Seu. Core-Shell Heterostructures with
Anisotropic Photoresponse

Jing Xia, Dandan Zhu, Xuanze Li, Lei Wang, Lifeng Tian, Jing Li, Jingyuan Wang, Xing Huang*,
and Xiang-Min Meng*

Layered orthorhombic SnS-SnS,Se(i.y core-shell heterostructures are successfully
synthesized via an epitaxial growth method. Due to the structural characteristic of the
components, the heterostructures are able to show a strong polarization-dependent photoresponse,

which will facilitate developing novel functional optoelectronic devices beyond conventional

materials.
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